Abstract: Nano brazing of Pt-Ag nanoparticles with nano Ag filler metal is reported in this letter, which presents an effective way to join nanoobjects by femtosecond laser irradiation. The nano brazed interface between Pt-Ag and Ag showed good lattice matching along (111)Ag//(111)Ag-Pt. Lattice mismatch can hardly be observed at the interface between the filler metal and Pt-Ag nanoparticle, which is important for the joint strength and normally does not occur during joining. The very low mismatch also suggested that melting and solidification occurred during nano brazing by femtosecond laser. The role of Brownian motion on the nano joining process is also discussed in this paper.
Introduction
Further down the road of miniaturization to nanoscale, there is an emerging need to join nanoobjects to form nanoscale devices and systems [1] [2] [3] . Nanoparticles are regarded as important parts of nanoscale devices, which make joining nanoparticles necessary as a basic integration process in nanoscale products. It is still challenging to interconnect single nanoobjects with a stable Ohmic contact, which is a key issue for nanoelectronic device manufacturing [1, 4] . Direct "fusion" joining of nanoobjects is one way to achieve stable conductive nanojunctions [5, 6] . However, most of the "fusion" nanojoining methods are applied for making nanojunctions between nanowires [7, 8] , because it is hard to control the melting depth of nanoparticles [1] . The consequence is that when two nanoparticles are totally melted, the very high surface tension at nanoscale would merge the two individual nanoparticles into one larger nanoparticle [9] .
In this regard, nano brazing/soldering needs to be developed for the purpose of joining nanoparticles with high Ohmic conductivity, since brazing can produce both minimum damage to the base metal and a desired joint morphology. Use of a femtosecond laser can result in an ultrafast and nonthermal melting of solid materials with precisely controlled energy, which is promising for developing nano brazing/soldering junctions for nano-and/or molecular devices [2] . Only a few research works have focused on this area [5] , since most of the nanojoining processes were only developed in the past decade and the concept of nanojoining was just proposed very recently [2] . In the present study, an effective and controlled manner of using a femtosecond laser to produce nano brazing joints was demonstrated and the joints were characterized in detail by transmission electron microscope (TEM).
Experiment
A Ti-sapphire laser system (Coherent Inc) was operated to generate 35 fs laser pulses at repetition rate of 1 kHz and 800 nm. Each laser profile was confirmed to be Gaussian with output energy of 2mJ/pulse. Laser pulses were focused in the middle of a 2-ml-glass quartz vessel by a lens with 13 cm focal length. First, surfactant-free platinum nanoparticles in pure ethanol were prepared by laser ablation of Pt rods for 3 min at the focal point. The laser ablation of Pt in ethanol was accompanied by the presence of a plasma plume on the target surface, easily visible by naked eye. A visible coloration of the solution was observed after the experiment. Ablation of Ag was performed right after Pt in the same solution. The Ag rod was defocused by 5 mm and ablated for 30 min. The nanoparticles' composition, identification, joint morphology and the nano brazing interface were examined by a field emission transmission electron microscope (TEM, product of JEOL JEM-2010F) operated at both high resolution (HRTEM) and high-angle annular dark field scanning TEM (STEM) mode.
To our knowledge, most laser nanoalloying or nanojoining of nanoparticles using a femtosecond laser is a two step procedure: mixing two prepared pure metal nanocolloid solutions and then irradiating the mixed solution by laser [10, 11] . In our experiment mixing and irradiating occurred at the same time. This not only improves efficiency, but also facilitates the experimental design for three reasons. First, the laser energy density distribution in the glass vessel was significantly non-uniform because of the Gaussian beam and focusing lens. This tended to increase the uncertainty and uncontrollability. With our method the interaction between Ag and Pt-Ag nanoparticles occurred at a controllable place, which was the space in front of the bulk Ag rod. Second, the silver nanoparticles were gradually synthesized during the 30 min. This means the ratio of Ag to Pt increased with irradiation time, suggesting that the number of Pt nanoparticles surrounding the Ag nanoparticles was fairly large at the beginning, which expected to increase the chance of interaction between dissimilar nanoparticles. Third, low energy ablation can generate tiny nanoparticles (less than 10 nm) [12] , which can dramatically reduce the melting temperature of the silver nano brazing filler metal [9] .
Results and discussion
Figure 1(a) shows STEM image of two typical individual nanoparticles, the left one was Ag and the right one was Pt-Ag nanoalloy, which were confirmed by EDX line scanning as shown in Fig. 1(b) . The insert pictures in Fig. 1(a) are HRTEM images of the two nanoparticles in Fig. 1(a) . The formation of PtAg nanoparticles was similar to the laser nanoalloying process which can be found elsewhere [10, 13] . The STEM image in Fig. 1 indicates that the element distribution of the Pt-Ag nanoparticle was not uniform. However, in HRTEM mode the lattice spacing of the Pt-Ag nanoparticle was the same. The measured lattice spacing for Ag was (200) Ag = 2.09Å while Pt-Ag alloy (111) Pt-Ag = 2.33Å. The lattice parameter of laser induced Pt-Ag nanoalloy was the same as in ref. [14] , which was prepared by wet chemical method. The lattice constants calculated based on the measurements were a = 4.18Å for Ag and a = 4.04 A for Pt-Ag. The measured lattice constant of Ag was 3.5% larger than bulk Ag which may be due to the size dependent lattice parameter and apparatus error [4] . The lattice mismatch between the Ag and Pt-Ag can be calculated by Equation 1
in which, ∆a is mismatch, a 1 and a 2 are lattice parameters of two materials. The calculation shows that the theoretical mismatch between Ag and Pt-Ag nanoalloy was less than 2%. Typical joined spherical nanoparticles are shown in Fig. 2 in STEM mode. The image clearly shows that the interjunction between spherical Pt-Ag nanoparticles was made by nano-Ag. Due to the low laser fluence, the size of the nano Ag filler metal was less than 10 nm, having the melting temperature in the range of 373-573 K [15] , which is much lower than that of Pt. Small radius fillets were found at the braze joint, but not a well-developed wetting over the Pt-Ag surface which can be found in brazing of bulk material. This is due to the ultrafast cooling rate and limited time for the melted Ag to completely wet and spread. Since both Pt and Ag have very low bulk resistance, and the brazed interfaces showed atomic scale bonding and no intermetallic compounds formed, it is believed that the contact (or joint) had good electric conductivity. This structure leads us to conclude that the in-situ synthesized Ag nanoparticles acted as nano filler metal which created ohmic joints among Pt-Ag nanoparticles.
It is believed that the nano brazing process is also related to the Brownian motion. At very small particle size, as in nanofluids, Brownian motion becomes important [16] . The root-mean-square velocity (ν N ) of a Brownian particle can be defined as [16] 
where k b is the Boltzmann constant, T the temperature, m N the particle mass, ρ N the density and d N the diameter of the nanoparticle. According to the classic collision theory, the collision frequency is
where N A is the Avogadro constant, σ AB the reaction cross section, k b the Boltzmann's constant, and µ AB the reduced mass of the reactants. In the nanofluid theory, an enhanced thermal conductivity of nanoscale colloidal solutions has been found which is primarily due to convection caused by the Brownian movement of these nanoparticles [16] . Collision between nanoparticles is also one of the reasons for the enhanced thermal conductivity but it can be neglected according to order-of-magnitude analysis [17] . In contrary, the role of collision between nanoparticles is very important to a joining process because the two nanoparticles should be in contact before brazing/joining [5] and the contact is believed primarily caused by collision. When collision and laser irradiation occur at the same time, joining tends to occur due to the non-thermal ultrafast melting phenomenon of femtosecond laser. When collision occurs but no laser irradiation, the nanoparticles may also contact because contact can lower the free energy of the system. However, in this case the contacted area would be limited by the free energy reduction value. Following the contact, when laser irradiates, joining also tends to occur and results in well-wetted brazing joint. Therefore, it is believed that both Brownian movement and surface energy played important roles in the nano brazing process. Figure 3 shows the orientation relationship of the nano brazing interface between Ag and Pt-Ag nanoalloy which were in the same zone axis. The upper-left insert STEM image indicates the interface between Ag and Pt-Ag nanoalloy. HRTEM of the same position shows that (111) Ag //(111) Ag-Pt and the mismatch between Ag and Pt-Ag can hardly be observed. The lattices at the interface matched very well, as needed to achieve a good joint strength, especially for a heterophase interface [18] . Usually, this does not occur because lattice defects at the brazing interface occurred in most cases because of either lattice constant mismatch or residual stress induced by the brazing process. We believe that there were two reasons for the very low mismatching. First, the lattice constant of Ag and Pt-Ag was nearly the same, as calculated above based on the lattice image in Fig. 1(a) . Second, a melting and epitaxial growth (or solidification) process occurred during femtosecond laser irradiation. For large nanoparticles, only surface melting occurs during femtosecond laser irradiation [19, 20] . The Ag nano brazing filler cluster was very small (normally less than 10 nm) due to the lower ablation energy used. If nanoparticles are tiny clusters with limited atoms, they may suddenly display global melting without surface melting, because the effective laser penetration depth was larger than the particle size [19] . After the laser pulse turned off, the Ag nano brazing filler metal solidified and grew epitaxially on the Pt-Ag surface. 
Conclusion
This study presents an effective way to join nanoobjects by femtosecond laser brazing, in which femtosecond laser was used to generate tiny nano-Ag clusters as brazing filler metal and nano brazed Pt-Ag nanoparticles. The nano brazed interface between Pt-Ag and Ag showed good lattice matching along (111) Ag // (111) Ag-Pt . It suggests that melting and solidification occurred during femtosecond laser nano brazing. The nano-networks of Pt-Ag produced by femtosecond irradiation make them very attractive for several applications, such as plasmonics, catalysts and nanoscale electric devices.
